POLYCYSTIC KIDNEY DISEASE (PKD) remains one of the most common inherited disorders, which can lead to a progressive loss in renal function (52) (53) (54) . Under normal conditions, the kidney possesses a multitude of functions, including its primary roles as a filtration system to eliminate waste products from the blood, regulation in long-term blood pressure by controlling fluid and electrolyte balance, acid-base regulation, and production of endocrine hormones, such as erythropoietin, renin and active forms of vitamin D (148) . In PKD, however, numerous variants in either the polycystic kidney disease 1 (PKD1) or polycystic kidney disease 2 (PKD2) gene, which are the two primary genes associated with causing the autosomal dominant form of PKD (or ADPKD), can negatively impact the normal function of the kidney by pathologically altering the architecture of the kidney through a transformative process that changes the tubular epithelial cells, largely in the collecting ducts, into fluid-filled sacs known as cysts (52, 54) . The mechanisms by which cyst initiation and formation occur due to the malfunctioning gene products of PKD1 and PKD2, known as polycystin-1 (PC-1) and polycystin-2 (PC-2), respectively, remain to be fully described (60) .
There is considerable evidence that this pathological switch in the tubular epithelial cell to form cysts is quite complex and involves a cascade of diverse changes, including missorting of proteins to incorrect cellular locations (5) , misalignment of cell orientation (42) , hypersecretion of fluids (53) , reorganization of the extracellular matrix (190) , apoptosis (49) , and abnormal induction in cell proliferation (90) . Numerous orthologous and nonorthologous rodent models of PKD have been generated to further elucidate the importance of these above described and possible other novel modes of action in vivo (55, 60, 116) . At the present time, however, a major focus of many preclinical and numerous clinical trials is the importance of neutralizing heterotrimeric G protein-dependent signalopathies by either activating or inactivating cell surface G protein-coupled receptors (GPCRs) to control cystic disease progression (53, 59, 60, 174, 190) .
Heterotrimeric G proteins consist of three distinct subunits, ␣, ␤, and ␥, which are regulated through canonical interactions with cell surface GPCRs (189) or noncanonical associations with membrane tyrosine kinase receptors or cytoplasmic accessory proteins (127) . In the classic model of GPCR signaling, ligand binding induces a conformational change in the guanine nucleotide exchange factor domain of the receptor facilitating the transfer of GTP onto the inactive G␣-GDP subunit. This exchange promoted the activation of G␣-GTP, which is the main signaling complex evaluated during cyst formation and progression in PKD. Although unbound G␤␥ has been largely observed as an ancillary byproduct to G␣-subunit activation, its role as a regulator of signaling output, particularly on ion channel activity, cannot be completely ignored (31, 32, 86) . In the end, G protein signaling is terminated by the reassociation of unbound G␤␥ with inactivated G␣-GDP subunits.
A growing body of evidence has demonstrated that the regulation of heterotrimeric G protein activation is more diverse than previously anticipated. This was attributed to the distinct renal localization pattern for each G protein subunit expression, the combination of G␣␤␥-complexes that actually exist, and the GPCR subtypes that are expressed within each cell type (127, 128) . Moreover, intracellular proteins have been identified to intercede at the level of the receptor-ligand complex through unique modes of action to compete for either G␣ or G␤␥ binding and modulate the termination of second messenger-mediated signaling. In addition, these accessory or adaptor proteins could also perturb the magnitude of the cellular response, protein trafficking, cell orientation, and many other biological processes that would be relevant to the pathogenesis of cystic disease (127, 128) . Alternatively, heterotrimeric G proteins could also be involved in an integrated cross-talk network by functioning as intermediary signal processors between traditional GPCR and other unitary transmembrane tyrosine kinase receptors (105) .
In the majority of the studies describing GPCR-based signalopathies in PKD, the involvement of heterotrimeric G proteins is not generally discussed. A major reason may be that many investigators assume that the specific heterotrimeric G protein ␣␤␥-complexes with their cognate GPCR have already been well documented. However, as new data continue to emerge regarding unexpected interactions by heterotrimeric G proteins or the identification of novel signaling pathways outside of the canonical ligand-GPCR systems, further investigations into the role of heterotrimeric G proteins are warranted to confirm their role as key signal modulators in pathways associated with cystic disease progression. With this in mind, we will provide a comprehensive overview by which heterotrimeric G proteins play a pivotal role in canonical GPCR pathways, as well as unconventional modes of action, including those regulated by PC-1, during the cystogenic process in PKD. In some cases, we will ascribe some modes of action by which heterotrimeric G protein subunits have been described in other biological systems to potentially provide important new insight into heterotrimeric G protein signal modulation in PKD.
POLYCYSTIN-1
PC-1 has been categorized as an atypical GPCR and has shown the capability to transmit physical cues from the external milieu into the cell by converting this information into a biochemical signaling output (118, 126, 192) . The mechanosensation mediated by PC-1 has been postulated to be associated with its cellular localization within or at the base of the cilia (118, 119) . Unlike the standard GPCR, which has a heptahelical transmembrane configuration, PC-1 has been predicted to have 11 transmembrane-spanning regions (68) . Similar to all GPCRs, however, PC-1 could selectively bind multiple classes of G␣ subunits at a specific stretch of 20 amino acids in the COOH terminus, known as a G protein-binding domain (GBD) (129, 130, 204) . In addition, PC-1 has a highly conserved autoproteolytic site, GPCR proteolysis site (GPS), within a GPCR-Autoproteolytic INducing (GAIN) domain located on the NH 2 -terminal side of the first transmembrane span. The GAIN domain was found in cell adhesion GPCRs to maintain tubular epithelial cell morphology (3). In fact, loss of the GPS in PC-1 could structurally reorganize the cell toward a highly aggressive form of renal cystogenesis (202) , but the importance of PC-1 targeting to the cilia remains to be resolved (19, 159) . These findings provide some insight that PC-1 has the properties of a ligand-independent GPCR, yet the physiological implication to directly regulate heterotrimeric G protein signaling to maintain normal tubular architecture and function remains to be fully understood.
G Protein Subunit Binding to PC-1 COOH Terminus
As mentioned above, a number of G␣-subunits, most notably G␣12 and G␣i/o, have been shown to interact with PC1 and PC1-like proteins (31, 32, 129, 130, (203) (204) (205) (Fig. 1) . Initially, Parnell et al. (129, 130) demonstrated that heterotrimeric G proteins with select G␣-subunits, namely G␣i/o, G␣s, and G␣12/13, interact with the COOH-terminal tail of PC-1. The efficiency of the G␣-subunit binding to PC-1 was dependent upon a stretch of 74 amino acids, which contained the GBD flanked by conserved tyrosine and serine phosphorylation motifs (129) . Complete abolition of G protein binding was only observed when the serine phosphorylation motif was also removed in conjunction with the GBD (129) . Subsequently, Yu et al. (203, 204) confirmed a selective interaction between PC-1 and G␣12, but not its closely related G␣13 (203) , and that other components of the COOH-terminal region were partially required to maintain wild-type binding of G␣12 to PC-1 (204) .
In addition to binding heterotrimeric G protein subunits, the GBD catalyzes the degradation of GTP to GDP nucleotides bound on G␣i-subunits (129) . Although these data were suggestive that PC-1 may act similar to conventional GPCRs, it was not known whether the inactivated G␣-GDP remained bound to PC-1. A subsequent study, however, demonstrated that mutant G␣12-subunits bound to either GTP or GDP are capable of binding to PC-1 (203, 204) . From these studies, PC-1 may be predicted not only to activate heterotrimeric G proteins, but also to behave as a scaffold to form protein complexes to control downstream signaling. Additional studies are clearly needed to determine whether the activation status (i.e., GTP/GDP bound form) of each distinct G␣-subunit plays a crucial role in the efficient binding to PC-1. Regardless, the COOH-terminal tail of PC-1 has shown flexibility in its ability to interact with multiple classes of G␣-subtypes, which leads to complementary or differing modes of signal processing and/or effect. To date, heterotrimeric G protein interaction with PC-1 has been described to control downstream signal pathway activation or directly modulate ion channel activity (Fig. 1) .
interaction of G␣i-subunits with the COOH-terminal tail of PC-1, but that the effector was unbound G␤␥. Subsequent experiments showed that the activation of JNK cannot be solely attributed to G␣i-subunits but involves other classes of G␣-subunits, since blockade with pertussis toxin inhibited only ϳ25% of the PC-1-mediated JNK signaling (130) . In tubular epithelial cells, G protein ␣12-subunits promote apoptosis by activating JNK and enhance Bcl-2 degradation. PC-1 interferes with the activation of apoptotic signaling by directly binding to G␣12 (204) . Even under conditions of reduced by G␣12 binding to PC-1, the inhibition of apoptotic signaling is maintained. Moreover, constitutively active G␣12, QL␣12, is able to bind to PC-1, and that mutant G␣12 can uncouple the interactions between QL␣12 and PC-1 to prevent apoptotic signaling (204) . These results suggest that G␣12 can bind to PC-1 in either the active GTP-bound or inactive GDP-bound form.
G␣i-Subunits: Ion Channels and Other Signaling Pathways
Antiapoptotic signaling was also observed following G␣i-subunit interaction with PC-1, which activates Akt through a G␤␥-PI-3K pathway (11) . In addition, G␣i-subunits are capable of activating AP-1 activity, but this activation is at least twofold less potent than G␣q-or G␣12/13-subunits (130) . The intermediary steps between G␣-subunit activation to the induction of AP-1 is not known, but there may be a link with JNK activation (130) .
To date, however, the role of G␣i/o subunits with PC-1 has been described as a key regulator of ion channels through a G␤␥-dependent mechanism. Under basal conditions, overexpression of PC-1 exerts an inhibitory effect on N-type Ca 2ϩ channels, while promoting G protein-coupled inward rectifying potassium channel activity (31, 32) . Genetic and pharmacological approaches have demonstrated that the ion channel regulation can be attributed to the COOH-terminal region of PC-1 to bind G␣i/o-subunits to liberate unbound G␤␥ (31, 32, 46) . However, the role of PC-1 to control ion channel activity by G␤␥ is not universal and is dependent upon heterologous proteins that bind to the coiled coil domain in the COOHterminal tail of PC-1, which is located near the GBD (129). PC-2, which is also known as the transient receptor protein P2 ion channel (176) , has been shown to have a direct relationship with PC-1 at the coiled coil domain (57, 135, 195) . The role of PC-2 within the heteromeric PC-1/PC-2 complex was found to block G protein activation by PC-1, and the loss of the COOH-terminal region of PC-2 is responsible for restoring the ability of PC-1 to modulate ion channels by activating G␤␥ (31, 32) . The positive influence by which PC-1 activates PC-2 ion channel activity is not dependent upon G protein signaling, Fig. 1 . Heterotrimeric G protein regulation by polycystin-1. Polycystin-1 (PC-1; in blue) is embedded within the plasma membrane due to its 11 transmembrane-spanning regions. G protein binding and activation are regulated by a region known as GBD in the COOH terminus end of PC-1 in the cytoplasm and could regulate G␣ (A) or G␤␥ signaling (B). A: the GBD could interact with multiple classes of GTP-bound G␣-subunits (G␣12, G␣, G␣s, and G␣) activated by heterologous GPCRs (such as thrombin receptors) or interacting with inactivated forms of G␣-GDP. PC-1 could interact with G␣12 to block apoptosis, possibly through the activation of AP-1. G␣q signaling could activate calcineurin to promote NFAT translocation to the nucleus. Other G␣-subunits could activate AP-1 activity. The role of G␣s activation by PC-1 is not fully described but has been shown to interact directly with PC-1. PC-1 could also interact directly with other proteins, PC-2 and RGS7, at the coiled coil domain. The COOH-terminal cytoplasmic tail has 2 cleavage sites (denoted by the dotted line in the COOH-terminal tail of PC-1) to generate either a small or larger fragment that can be translocated to the nucleus to either activate STAT 3/6 or ␤-catenin. B: other accessory proteins in the vicinity of PC-1 may intercept G protein subunits, such as AGS3, to promote PC-2 ion channel regulation through a G␤␥-dependent mechanism. G␣i-subunit interaction with PC-1 could prevent apoptosis by activating Akt or activate JNK/AP-1 signaling. G␤␥-signaling mediated by PC-1 could negatively control N-type calcium channel and activate GIRK channels. AGS3, activator of G protein signaling 3; GBD, G protein-binding domain; GPCR, G proteincoupled receptor; GPS, G protein-coupled receptor proteolytic site; NFAT, nuclear factor of activated T cells; PC1, polycystin 1; PC2, polycystin 2; RGS7, regulator of G protein signaling 7; SAPK/JNK, stress activated protein kinase/Jun amino terminal kinase. but rather upon the physical association between the COOHterminal tails of PC-1 and PC-2 (31, 46, 57, 195) .
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G␣q-Signaling
In neurons, the role of G␣q-signaling in the presence or absence of murine PC-1 did not appear to play a role in ion channel activity, since there was no marked change in the endogenous activity of the M-type K ϩ channel (32) . In a subsequent study, the role of the PC-1/G␣q-complex was shown to be involved in the activation of other signaling pathways unrelated to ion channel regulation. Puri et al. (134) demonstrated a synergistic role for G␣q to enhance the PC-1 activation of calcineurin and nuclear accumulation of nuclear factor of activated T cells in HEK293T cells. G␣q-subunits are also involved with promoting AP-1 activity in the presence of PC-1, similar in magnitude with G␣12/13-subunits (130) . Since transgenic overexpression of PC-1 can also perturb its normal physiological function to promote renal cyst formation (168) , the contrasting results regarding the role of G␣q-activation with respect to PC-1 is likely due to the differences in the experimental design (endogenous vs. transfected overexpression of G␣q), cell lines studied (sympathetic neurons vs. HEK293T), and experimental readout (electrophysiological measurement of ion channels vs. signal transduction pathway analysis). Further studies using Pkd1-deficient or hypomorph cells are needed to confirm whether G␣q signaling is actually regulated by PC-1 in renal tubular epithelial cells.
Accessory Proteins
The regulation of G protein subunit binding and downstream signaling by PC-1 may be modulated by the presence of heterologous proteins. Similar to PC-2, proteins could directly bind to specific regions near the GBD in PC-1 to interfere with G protein signaling, possibly by affecting G protein interaction. Alternatively, proteins may localize near PC-1 and interfere with G protein signaling elicited by PC-1 by binding to G protein subunits during the activation/inactivation cycle. Unlike PC-2, not all proteins that bind to the COOH-terminal end of PC-1 can alter G protein signaling. Most notably, regulator of G protein signaling 7 (RGS7), which is a member of a large family of accessory proteins that directly binds to G␣-subunits, exhibits a physical protein-protein interaction in the coiled coil domain of PC-1 (76) . Other than slowing the degradation of RGS7 (76) , the RGS7/PC-1 complex was not determined to alter the ability by PC-1 to control ion channel activity (32) . Mutant forms of G␣i/o-subunits [i.e., G␣o A (G184S) or G␣ i1 (G183S)], which were designed to prevent binding to the RGS domain of RGS7, did not change PC-1-dependent regulation in Ca 2ϩ channel activity (32) . Because of these findings, the authors concluded that RGS7 is not directly involved with disrupting the PC-1/heterotrimeric G protein signaling axis (32) , but further studies may be warranted to substantiate this conclusion. Several RGS proteins, including RGS7, have been shown to preferentially bind to G␤5 rather than G␣o-GDP complexes (92) . Regardless of the presence of pertussis toxin, an inhibitor of G␣i/o protein activity, RGS7 could interact with G␤5 and the deactivation of the mutant G␣i/o could be based entirely upon its intrinsic GAP function. Therefore, the lack of regulation on ion channel activity may be masked by the preference of G protein subunits binding to RGS7 within a particular cell type. It is also important to note that the absence of the whole or even a partial fragment of the coiled coil domain is sufficient to markedly reduce G protein ␣-subunit binding to PC-1 (129, 204) . This could suggest that heterologous protein binding at the coiled coil domain does not negatively impact, but may positively recruit, G proteins to PC-1 for activation. To date, however, there have been no published data demonstrating that protein interaction in the COOH terminus of PC-1 could modify G␣-subunit binding to regulate G protein signaling. Further studies are needed to clearly elucidate the role of G protein subunit binding and activation using mutant PC-1 with only mutations in the GBD, and not deletions in the entire PC-1 COOH-terminal region.
As mentioned above, other accessory proteins may indirectly control PC-1-dependent G protein signaling by interacting with the activated G protein subunits, and not with PC-1 itself. One example is activator of G protein signaling 3 (AGS3), which could bind multiple inactive G␣i/o-GDP-subunits and function as a guanine dinucleotide dissociation inhibitor. The liberation of free G␤␥-dimers was shown to induce heteromeric PC-1/PC-2 ion channel activity, but not with PC-2 expression alone (86) . No definitive study has shown a direct protein-protein interaction between AGS3 and PC-1, but a recent study by Yeh et al. (200) clearly localized AGS3 to the basal body/centrosome region of the cilia, a common site of PC-1 expression. If this spatial localization for AGS3 is similarly observed in renal epithelial cells, then AGS3 could be in close proximity to the same pool of G␣i/o-subunits that interact with PC-1 and would be available to modulate downstream effector signaling, including the direct control of PC-2 ion channel activity through unbound G␤␥-dimers (86) .
Cleavage and Nuclear Localization of PC-1 COOH-terminal Tail
In addition, the importance of G protein binding on PC-1 and its effects on the efficiency of posttranslation cleavage of its COOH-terminal tail to produce two distinct smaller protein fragments, ϳ35 kDa product containing the entire intracellular COOH-terminal tail (24, 87) or ϳ16 kDa product (p112) (99), remain to be determined. These truncated COOH-terminal fragments could translocate to the nucleus to promote gene expression by interacting with either ␤-catenin or STAT-3/-6, respectively (99, 186, 187) . The extent of the cleavage of the COOH-terminal tail depends upon the expression of PC-2 and changes in intracellular calcium (11) . Of these two PC-1 fragments, the larger COOH-terminal tail portion may likely contain the GBD, which could be involved in the process of cleavage efficiency, nuclear translocation, and possibly transcriptional activation.
For these reasons, to fully appreciate the physiological importance of G protein interaction with PC-1 to control normal tubular epithelial cell function, genetic constructs expressing mutant versions of PC-1 in which the GBD has been modified or removed to prevent G protein binding need to be evaluated. These additional studies would provide direct evidence regarding the functional consequences of PC-1 to bind and initiate G protein signaling to promote cardiovascular abnormalities and cystic disease development. fully described. In nearly all cases, heterotrimeric G protein signaling following ligand binding to a specific GPCR has focused upon the role of the G␣-subunit, with less information known about G␤␥, in tubular epithelial and vascular cell function. In this section, we provide an overview for some of the candidate GPCR pathways that have been described in vascular and tubular epithelial cells in PKD and elucidate the cellular and/or functional changes in cardiovascular and renal function using data from animal models and humans with PKD.
cAMP Regulation by Adenylyl Cyclase and Calcium: Role of G␣i-, G␣s-, and G␣q-Subunits
Renal tubular epithelial cells from animal models and humans with PKD1 or PKD2 mutations exhibit elevated production of cAMP (102); molecular strategies targeting the control of adenylyl cyclase activity have been a major focus in drug development for PKD treatment. G␣s (stimulatory) and G␣i (inhibitory) were shown to be positive and negative regulators of adenylyl cyclase activity, respectively. In the nephron, numerous isoforms of adenylyl cyclase are present, particularly adenylyl cyclase isoforms 3, 4, and 6 (AC6), but to date, only AC6 has been shown to play a crucial role in cystic disease progression (137) . Under normal conditions, increased cAMP decreases the rate of tubular epithelial cell proliferation by activating the protein kinase A/c-Raf pathway (197) . In cystic epithelial cells, however, increased cAMP (197) or decreased intracellular calcium (198) could switch kinase activation from c-Raf (Raf-1) to B-Raf kinase and lead to abnormal activation of the MEK/ERK1/2 signaling (Fig. 3 ). This would result in increased tubular epithelial cell proliferation, increased fluid secretion, and/or decreased tubulogenesis.
At present, there are several GPCR systems directly associated with controlling cAMP levels through either G␣i or G␣s, including arginine vasopressin receptors, somatostatin receptor (SSTR) subtypes, ␤-adrenergic receptors, adenosine receptors, and E-prostanoid receptor subtypes. In addition, strategies to reduce cAMP levels by increasing intracellular calcium levels through G␣q-activation has been investigated (Figs. 2 and 3). Increased G␣q-activation by GPCR stimulation could promote either accelerated cAMP catabolism through phosphodiesterase (PDE) activation or inhibition of adenylyl cyclases (60) .
Arginine vasopressin receptors. In the kidney, arginine vasopressin (AVP) was shown to have a dual role in modulating renal blood flow distribution and control the urine-concentrating mechanism through interactions with two distinct types of receptors, vasopressin V1a (V1aR) and V2 receptors (V2R) (98, 124, 125) . In the context of PKD, the primary therapeutic target of the AVP system has been to prevent or disrupt V2R activation. Mechanistically, V2R activation promotes G␣s dissociation from G␤␥ to stimulate adenylyl cyclase activity and subsequently increase cAMP production. Recent data would suggest that AVP stimulation activates AC6 as the primary effector system to produce cAMP (137), and not AC3 or AC4 (77, 78) . The V2R is primarily expressed in the distal tubular epithelial cells (98) , and its localization is consistent with its functional role to control the urine concentration process. Changes in the cAMP levels directly alter the function of the Na ϩ /K ϩ /2 Cl Ϫ cotransporter in the thick ascending limb of Henle and also control the number of aquaporin-2 (AQP2) water channels and urea transporters inserted into the apical membrane in the principal cells of the collecting duct (109, 208) . In cystic epithelial cells, the increased levels of cAMP are primarily through V2R activation in the basolateral membrane, but there was evidence that the V2R could also be partially misrouted to the apical membrane (144) . On the basis of these findings, selective V2R antagonists, such as Tolvaptan, have been developed as a treatment strategy to attenuate cystic disease progression by preventing the activation of the G␣s subunits (61, 171, 173) .
As described earlier, alterations in intracellular calcium levels could also play a role in regulating cAMP levels. In Fig. 2 . Schematic overview of heterotrimeric G protein signalopathy in renal tubular epithelial and vascular cells in polycystic kidney disease. Heterotrimeric G proteins play diverse physiological roles either canonically to transmit extracellular stimuli into the cell following GPCR stimulation or noncanonically through recently identified accessory proteins. There are 4 distinct classes of G␣ subunits, G␣s, G␣i, G␣q/11, and G␣12/13, which are depicted in this schematic, except for G␣12 (described in Fig. 1 ). 1) Cystic tubular epithelial cells. G␣s activation by multiple GPCR, including V2R, EP2/EP4, and ␤1/␤2, could increase cAMP production and activate downstream proliferative pathways, which include Raf/MEK/ERK1/2, or other cellular functions, such as water and electrolyte balance. ANG II stimulation of the AT1R could also increase cAMP, but the mechanism of action is not known. Conversely, G␣i functions to antagonize cAMP production by activating SSTR or EP4 but could also regulate pathways mediated by Smo or FzR that control cytoskeleton remodeling, cell migration, and ion channel activity (shown in Fig. 1 ). G␣q activation by B2R, ETB, and AT1R could activate PLC-dependent signaling cascades, which could increase intracellular calcium or activate DAG to promote PKC function. In some cases, B2R and AT1R could also promote ERK 1/2 signaling by cross talk with EGFR. ETB inhibits cAMP production through increased production of PGE2, which is mediated by PKC. 2) Vascular cells. In smooth muscle cells, G␣q activation by the AT1R or ETA/ETB could promote vasoconstriction, which could be counteracted by opposing AT2R-G␣q vasodilation signaling pathways in the same smooth muscle cells. Alternatively, B2R or ETB stimulation of G␣q signaling in endothelial cells or neighboring tubular epithelial cells could produce paracrine factors, such as nitric oxide or prostaglandins, which could traverse to the smooth muscle cells and modulate tone. 3) Polarity and mitotic spindles. In some situations, G␣i-subunits could be involved in the process of epithelial cell polarity and mitotic spindle orientation. There is evidence that accessory proteins from the activator of G protein signaling family, namely AGS3 and AGS5/LGN, could be involved in this process. ACE, angiotensin converting enzyme; AC6, adenylate cyclase 6; AGS3, activator of G protein signaling 3; ANG I, angiotensin I; aPKC, atypical protein kinase C; AQP2, aquaporin 2; ANG II, angiotensin II; AT1R, angiotensin II receptor type 1; AT2R, angiotensin II receptor type 2; AVP, arginine vasopressin; A3AR, A3 adenosine receptor; B2R, bradykinin B2 receptor; CaMKII, calcium/calmodulin-dependent protein kinase II; CFTR, cystic fibrosis transmembrane conductance regulator; cGMP, cyclic guanosine monophosphate; COX1/2, cyclooxygenase 1/2; DAAM-1, dishevelled associated activator of morphogenesis 1; DAG, diacylglycerol; Dvl, disheveled; EGFR, epidermal growth factor receptor; Epac, exchange protein directly activated by cAMP; EP2, prostaglandin E2 receptor 2; EP4, prostaglandin E2 receptor 4; ER, endoplasmic reticulum; Erk1/2, extracellular signal regulated kinase 1/2; ET-1, endothelin-1, ETA, endothelin type A receptor; ETB, endothelin type B receptor, FzR, frizzled receptor; Gli2/3, glioma-associated oncogene 2/3; GSK-3, glycogen synthase kinase 3; IP3, inositol triphosphate; JNK, c-jun N-terminal kinase; LGN, leucine-glycine-asparagine repeat protein; MEK, MAPK/ERK kinase; mInsc, mammalian homolog of Inscuteable; NHE, Na/H exchanger; NO, nitric oxide; NuMA, nuclear mitotic apparatus; PC1, polycystin-1; PC2, polycystin-2; PGE2, prostaglandin E2; PI3-K, phosphoinositide 3 kinase; PKA, protein kinase A; PKC, protein kinase C; PLA2, phospholipase A2; PLC, phospholipase C; PTCH, Patched; Rock, Rho kinase; SST, somatostatin; SSTR, somatostatin receptor; UT, urea transporter; SMO, Smoothened; V2R, vasopressin type 2 receptor.
G PROTEINS AND PKD terms of the AVP system, the V1aR has been shown to activate Ca 2ϩ -dependent pathways through G␣q-subunits, and this change in calcium modulates the V2R-dependent cAMP production in renal tubular epithelial cells. Moreover, the V1aR could selectively reduce renal medullary blood flow by vasoconstriction of the renal vasculature. This would minimize solute wash-out in the renal medulla and, thereby, maximize urine concentration (43, 44) . Since polydipsia has been observed as a side effect due to chronic V2R blockade in patients with ADPKD (61, 171) , there may be some potential benefit if a partial antagonist to the V2R is employed to block cAMP production through the G␣s pathway, which also has modest V1aR agonist ability to activate Ca 2ϩ pathways in both the tubules and blood vessels. However, there are caveats to this proposed logic, since the vascular sensitivity to AVP in PKD kidneys remains largely unknown and selective V1aR stimulation has been shown to promote persistent elevations in systemic blood pressure (28, 82) or lead to inappropriate activation of procystic hormones, such as PGE2 (see next section). It is also important to note that intracellular calcium levels in PKD epithelial cells are lower than in noncystic epithelial cells, so the counterregulatory systems that would be involved in reducing cAMP through V1aR are likely inferior to the AVP/V2R/G␣s axis. To date, however, the role of this V1aR pathway in PKD remains to be investigated, and the primary mode of action by AVP is through the actions of the V2R.
Prostaglandin E2 receptors. Prostaglandin E2 (PGE2) has been implicated as a causative factor in cystic disease by a number of observations, including its accumulated levels in cyst fluid, ability to promote cAMP production and chloride secretion, and induction of cyst growth in Madin-Darby canine kidney (MDCK) epithelial cells (199) . PGE2 exerts its biological effects by binding to one of four distinct GPCR subtypes known as the E-prostanoid receptors (EP1-4) (201), but the primary receptors are likely EP4 (40, 95) and possibly EP2 (41) . PGE2 binding to EP4 activates G␣s-subunits to induce cAMP production in murine IMCD3 and also PC-1-deficient collecting duct cell lines (40, 95) . There is also evidence in human cystic epithelial cells that EP2 may also play a role in the cAMP response (41) . In some cells, PGE2 could also activate G␣i-subunits to inhibit adenylyl cyclase through EP4 stimulation (201) . Alternatively, there is evidence that PGE2 synthesis could be positively regulated by AVP through the V1aR in either the interstitial medullary cells or cortical collecting ducts (15) , and this could synergize the production of cAMP. These latter findings may partially explain why the magnitude of cAMP induction by PGE2 in cultured cells from ADPKD and ARPKD cysts is markedly less robust compared with AVP (8) . Consistent with other hormones activating cAMP/PKA in cystic epithelial cells, PGE2 activates the conventional B-Raf/MEK/ERK1/2 pathway. In addition, PGE2 could mediate cAMP-dependent activation of membrane-associated exchange protein 1/2 (Epac1/2) (201) . Although the role of Epac1/2 in the cystic kidney needs further study, there is evidence that the cAMP-Epac pathway promotes cyst growth by hyperproliferation in liver cells (6) .
These studies demonstrate that there may be a synergistic role to synthesize PGE2 by other procystic hormones and that PGE2 could subsequently promote increased cAMP-dependent procystic signaling through the activation of distinct G protein subunits.
Adrenergic receptors. In general, adrenergic receptor activation controls long-term blood pressure through a number of distinct modes, including fluid and electrolyte balance, renal blood flow distribution, and renin production (27, 35) . Hyperactivity of the sympathetic nervous system has been shown to be associated with high blood pressure in humans with ADPKD (79) . Selective loss of renal nerve activity reduces the kidney-to-body weight ratio, an index of cystic disease progression, in the Han:Sprague-Dawley (SPRD) rat, a nonorthologous model of ADPKD (45) . The adrenergic receptor subtypes associated with the sympathetic nervous system are categorized as ␣ and ␤ and are distributed in various vascular and tubular epithelial cells. Blockade of the ␤1/␤2-receptor subtypes, which are involved in G␣s-activation of adenylyl cyclase, does not improve renal function as measured by microalbuminuria and glomerular filtration rate in ADPKD patients (180, 206) . Renal tubular epithelial cell expression of ␤1-and ␤2-receptor subtypes are localized throughout the nephron from the proximal tubules to the collecting ducts (161, 196) . Incubation with isoproterenol, a nonselective ␤1/␤2-receptor agonist, could induce cAMP production in microdissected distal tubules and cortical collecting ducts (111, 149) and correlate with mitogenesis in renal tubular epithelial cells (193) . The adrenergic ␣2-receptor has been shown to inhibit http://physiolgenomics.physiology.org/ adenylyl cyclase through G␣i-activation, but its role has not been evaluated in PKD.
At this time, the role of the adrenergic receptor system as it relates to the pathogenesis of cyst progression in PKD remains to be fully determined. In fact, there is recent evidence that deficits in renal function in ADPKD patients may be preceded by extrarenal pathologies to the heart, since the ␤-adrenergic system has been shown to be perturbed in terms of its ability to express calcium handling proteins (84) . Further studies are needed to better understand the importance of the adrenergic receptors in PKD.
Somatostatin receptors. The somatostatin receptors (SSTR) represent another set of GPCR that could activate the inhibitory G␣i-subunits to reduce adenylyl cyclase activity and decrease cAMP production. In mice, rat and human kidneys, there are five known types of SSTR, and their distribution could be localized to each segment of the nephron, although the collecting duct is the most conserved segment to express SSTR2 (7, 12) . Under normal conditions, somatostatin could inhibit renal tubular phosphate transports in both humans and rats (136, 177, 182) and partially antagonize the vasopressin V2 receptormediated changes in water transport by reducing cAMP production (191) . In the cystic epithelia of PKD patients, this pathway is believed to be involved in the dysregulation of tubular epithelial cell function and promotes the transformation to a cystic phenotype. There is evidence that SSTR3 is associated with the cilia (71), but for therapeutic purposes, short peptide somatostatin analogs with longer circulating half-lives have been developed, such as octreotide, lanreotide, and pasireotide, which could have their own distinct SSTR-binding affinity (58, 103) . Currently, these SSTR agonists are widely evaluated in clinical trials as potential anticystic agents to attenuate cystic disease progression in PKD (21, 67) . Although there have been some promising results to slow cystic disease in the liver, the kidney has exhibited somewhat varied responses to SSTR agonists (20, 21, 66, 67, 181) . To further clarify the role of the SSTR system as an anticystic therapy for the kidney, there is an on-going clinical trial to focus on the effects of lanreotide on improving renal function in ADPKD patients (104) .
However, the differences in the biological effect of somatostatin agonists in the liver vs. kidney need further investigation but may be associated with the differential abundance and pattern of expression of SSTR and its associated adenylyl cyclase partners within the nephron. In cystic cholangiocytes, SSTR1 and SSTR2 expression is markedly reduced in cystic cholangiocytes compared with normal cells and that chronic stimulation with either octreotide or pasireotide results in a compensatory increase in the receptor levels for SSTR1 and SSTR2 similar to levels observed in normal cells (103) . Similar types of studies will need to be performed in PKD kidneys to confirm whether the use of SSTR agonists could augment the magnitude of adenylyl cyclase inhibition by upregulating receptor expression and/or localization to slow renal cystic disease progression.
Adenosine receptors. Adenosine is a nucleoside that has been shown to play an important role in the control of renal function by balancing blood flow with the constant energy demands in the kidney (156, 179) . Catabolism of cAMP, ATP, and AMP could lead to conversion into adenosine, which could activate one of four distinct GPCR, known as adenosine receptor A1 (A1AR), A2AAR, A2BAR, and A3AR (179) . In PC-1-deficient cells, a selective induction of the A3AR relative to the other AR isoforms has been detected (1). A3AR reduces cAMP production by activating G␣i-subunits and coincides with reduced cystic epithelial cell numbers following stimulation of the A3AR using a selective agonist (1) . Similar to other pathways that control adenylyl cyclase, phosphorylation of ERK1/2 is decreased in the presence of an A3AR agonist, which suggests that PKA is involved in stimulating Raf/MEK/ ERK signaling. Alternatively, A3AR may stimulate phospholipase C␤ (PLC) to reduce ERK1/2 activation via PI3K/Akt signaling (106), which could also involve either G␣q or possibly unbound G␤␥-dimers. Further studies will be required to determine the relative importance of adenosine on cAMP production compared with the other adenylyl cyclase-regulating hormonal systems.
In all, these studies demonstrate that multiple hormonal systems integrate into the regulation of the cAMP system and that the use of a single inhibitor to control cAMP production would be compromised by the multifactorial input of numerous hormones.
G␣q and Calcium Regulation
Although the list of interacting signaling pathways expands for each G protein subunit, G␣q-subunits are classically known to be directly involved in regulating intracellular calcium levels by activating PLC (147) . The pathways involved in G␣q-signaling are illustrated in Fig. 2 . PLC catabolized phosphatidylinositol-4,5-bisphosphate (PIP2) into two products, inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 traverses to the sarcoplasmic reticulum to stimulate calcium channel activity and promote the movement of the calcium into the cytoplasm. DAG activates protein kinase C to negatively affect the activation of G␣i-subunits. Unconventionally, G␣q could also promote signaling cross talk between GPCR and the phosphorylation of growth factor receptors to activate downstream signaling pathways (29) . In this section, we focus upon the role of G␣q in the renin-angiotensin, kallikrein-kinin, endothelin, and EGFR systems.
Renin-angiotensin system. The renin-angiotensin system (RAS) remains one of the best-characterized hormonal systems in the field of cardio-renal biology, and its role in blood pressure regulation and renal cystic disease progression in PKD continues to be an area of intense investigation (88) .
The effector hormone angiotensin II (ANG II) is generated by a proteolytic cascade initiated by the cleavage of the precursor protein, angiotensinogen, which is an ␣ 2 -globulin formed primarily in the liver and, to a lesser extent, in the kidney. Angiotensinogen is subsequently catabolized by the endopeptidase renin to form angiotensin I (ANG I). Renin is synthesized and released into the circulation from the juxtaglomerular apparatus in the kidney and can be regulated in part by the adrenergic ␤1/G␣s/cAMP pathway (35) . ANG I is predominantly converted to ANG II by angiotensin-converting enzyme (ACE), but chymase can also perform this function to a lesser degree. At this point, ANG II exhibits multifunctional effects due to its ability to interact with two distinct GPCR subtypes, AT1 (AT1R) and AT2 (AT2R), which activate a diverse set of G␣-subunits throughout the kidney, including the vasculature, tubular epithelial cells of the nephron, and inter- (96, 97, 108) . In fact, all of the other components of RAS, including angiotensinogen, renin, ACE, and ANG II, are produced in the kidney (96, 97) . Moreover, there is evidence in polycystic kidney disease (PCK) rat kidneys and biopsied human ADPKD kidneys that various components of the RAS, particularly renin, are elevated compared with their noncystic counterparts (50, 51, 172) .
In PKD, investigators studying the biological functions of ANG II have focused almost entirely upon elucidating the mechanisms involved in blood pressure regulation and its impact on renal cyst progression. ANG II has potent vasoconstrictor effects in the systemic circulation via the AT1R/ G␣q/11 pathways (69, 108) . In the kidney, ANG II could also promote Na ϩ /H ϩ exchange to enhance reabsorption of sodium and water by activating apical AT1R in the proximal tubules (69) . Since the etiology associated with hypertension in humans with PKD remains largely undetermined (75, 88, 96) , the primary treatment modality has been to administer inhibitors to either angiotensin converting enzymes (ACEI) or antagonists to angiotensin receptors (ARB), particularly the AT1R (23) . Unfortunately, the recently completed HALT-PKD trial was unable to prove definitively that cystic disease progression was slowed in either early (150) and late-stage (170) ADPKD patients following treatment of either ACEI (Lisinopril) alone or in combination with an ARB (telmistartan). Similarly, rodent models of PKD have shown only modest to little efficacy on cystic disease progression following blockade of the RAS with Lisinopril, even with reduced blood pressures (70, 143) . Interestingly, a selective reduction in angiotensinogen levels using antisense oligonucleotide technology did markedly attenuate the increase in cyst area within the Pkd1 null kidneys with only a mild reduction in systolic blood pressure compared with the effects of Lisinopril (143) . From these studies, it appears the RAS may play a direct mitogenic role in tubular epithelial cells, but additional studies are needed to dissect the direct ANG II-mediated tubular effects from those changes attributed to physical factors, such as blood pressure and renal blood and tubular luminal flow. These future studies will likely require the evaluation of subpressor doses of ANG II or servo-controlled renal perfusion pressure in the presence of ANG II in rodent models of PKD to determine whether renal cystic disease progression can be modulated by RAS.
Regardless, there are other recent studies that have described an effect by the RAS on tubular epithelial cells with defective polycystin or ciliary proteins. In human ADPKD cystic epithelial cells, defective PC-1 function negatively affected the shear stress-increased transient response to cytoplasmic Ca 2ϩ concentration. However, the effect of ANG II was essentially retained at near normal Ca 2ϩ responses as control normal kidney cells (194) , which would suggest that the receptor localization and signaling pathways associated with the ANG II/AT1R axis is essentially intact during cystic disease progression. In cilia-deficient collecting duct epithelial cells, ANG II stimulation of the apical AT1R was also able to increase cAMP production significantly, similar in magnitude as the costimulation of both apical and basolateral AT1R activation (142) . Previous studies focusing on urine-concentrating mechanisms have observed that there is a cooperative effect on cAMP production between ANG II and AVP on their respective AT1R and V2R, respectively (89, 157) . A genetic loss of the AT1R in collecting duct reduces the maximal urine-concentrating capacity through decreased production of AQP2 water channels (157) and insertion of AQP2 into the apical membrane (89) . To date, it is unclear how ANG II/AT1R activates a calcium-dependent pathway to increase cAMP production, but it may involve the activation of alternate subtypes of adenylyl cyclase, such as AC3 and AC5. However, neither of those AC subtypes in the collecting ducts affects urine concentration under basal conditions (78, 138) . Alternatively, AT1R may also activate other downstream signaling pathways by interacting with G␣12/␣13 (48, 141, 162, 178) or even directly stimulating the Raf/MEK/ERK1/2 pathway (169, 185) . It may be possible that the AT2R, which is not well described in PKD, may need to be evaluated before we fully comprehend the importance of AT1R and its associated heterotrimeric G protein signaling in PKD. The AT2R has been shown to oppose the AT1R-mediated vasoconstrictor effects exerted by promoting the production of bradykinin and exaggerate the vasodilator response of smooth muscle cells (153) . Additionally, AT2R could modulate other AT1R functions by regulating sodium excretion (153) , cell growth, and anti-inflammatory pathways (33, 34) .
These studies clearly demonstrate that the RAS could activate a diverse signaling network, which interacts with a number of other hormonal systems to dysregulate blood pressure and potentially regulate a network of signaling pathways that could lead to changes in tubular epithelial cell architecture and function. Further studies are needed to isolate systematically each potential signaling partner and identify how they alter the expression profile, localization, and functional effects of both AT1R and AT2R in renal cells during the cystogenic process.
Kallikrein-kinin system. Under normal conditions, the primary functions of bradykinin are involved in regulating vascular tone and sodium and water balance in the kidney (72) . The biological role of the kallikrein-kinin system (KKS) needs further exploration, especially since the catabolism of active bradykinin is regulated by ACE (also known as kininase II), which is the same enzyme involved in the production of ANG II (72) . The KKS in PKD has not aroused much interest, since one study found was no detectable change in the KKS (16), although this finding was observed only in a small group of human ADPKD patients. However, in the heterozygous Han: SPRD rats, a nonorthologous model of ADPKD, urinary kallikrein and bradykinin levels were actually detected at higher levels compared with age-matched wild-type controls (16, 17) .
Bradykinin elicits its biological function through the activation of one or both receptor subtypes, B1 (B1R) and B2 (B2R) (110) . Both receptor subtypes have been identified in collecting duct epithelial cells in embryonic (39) and postnatal Oak Ridge polycystic kidney (Orpk) mouse kidneys (18) . Functionally, blockade of the B2R reduces proteinuria and albuminuria in the Han:SPRD rat (17), similar to the findings observed with ACE inhibition (17, 37, 38, 75) . In mice, the loss of the B2R did not lead to abnormal renal architecture or function, but high salt intake during the period of kidney development led to tubular dilation. In some cases, the formation of cystic cells was described in the kidneys (39) . The signaling pathways perturbed in KKS during cyst formation remain largely unknown. Generally, the B2R interacts with G␣q-subunits to promote PLC signaling and increase intracellular Ca 2ϩ , which could reduce adenylyl cyclase activity or increase production of nitric oxide/cGMP second messengers to reduce vascular tone (110) .
Alternatively, the B2R could be involved in the control of proliferation in collecting duct cells through the transactivation of the EGFR/ERK1/2 signaling axis by G␣q-subunits (112) .
Although there is a paucity of data regarding the dysregulation of the KKS in PKD, further exploration using mice that are genetically deficient of bradykinin receptor subtypes would be essential to obtain an unequivocal answer to the question of whether the KKS is a fundamentally important hormone that modulates cystic signaling pathways.
Endothelin receptors. Endothelin (ET)-1 exerts potent vasoconstriction in the systemic and renal circulation and promotes natriuresis and diuresis by the kidneys (30) . Over the years, evidence has accumulated that endothelin, specifically ET-1, plays a role in blood pressure regulation and cystic disease progression in PKD (63-65, 107, 113, 117, 123, 183) . In hypertensive ADPKD patients, plasma ET-1 levels are elevated compared with healthy patients (107, 183) , and endothelin has been detected in cyst fluid (113) . Moreover, renal ET-1 mRNA (117) and protein content (64, 65) has been detected at a higher level in rodent models of ADPKD, and ET-1 production is localized to renal cystic epithelial cells in mice, rats, and humans (63, 65, 123) and in human vascular smooth muscle cells (123) . Intriguingly, the transgenic overexpression of ET-1 in mice results in the formation of cysts in the kidney (63) .
The biological actions by ET-1 are elicited by its ability to bind and activate distinct receptor subtypes, ETA and ETB (4, 145) . ETA mRNA and protein are localized to vascular smooth muscle cells in renal blood vessels and glomeruli (167, 188) and protein expression in the distal tubules and collecting duct cells (188) . ETB is expressed in the endothelial cell part of the blood vessels (188) and epithelial cells in the proximal tubule (188) and inner medullary collecting ducts (167, 188) . The renal ETA and ETB mRNA (117), protein levels (123), or ligand binding (64) has been shown to be either higher or lower depending upon the PKD species being investigated. Stimulation of ETA and ETB could activate a number of G protein ␣-subunit partners, including G␣q, G␣12/13, and G␣i, depending on the cell type and the context of its activation (30) . As part of the global signaling network in Fig. 2 , the most common ETA/ETB signaling is illustrated in epithelial and vascular cells. More descriptive signaling pathways for renal ETA/ETB can be found elsewhere (80) . Functionally, receptor blockade of the endothelin receptors to attenuate cystic disease progression has resulted in conflicting results. Pharmacological blockade of ETB increased renal cAMP levels, which was associated with accelerated cystic disease progression (22) . In addition, ETB blockade enhanced urine concentration, which suggested that there may be an integration of signaling pathways with the V2R/G␣s-axis. This observation may be consistent with an earlier study that showed ETB inhibited cAMP production by a G␣i-dependent mechanism, possibly through increased production of PGE 2 (81) . Interestingly, concomitant blockade of ETA receptors could prevent the pathogenic effects mediated by the ETB receptor (22) . Conversely, receptor antagonism of the ETA, and not ETB, was instrumental in exaggerating tubular epithelial cell proliferation and cystic disease progression in Han:SPRD (cy/ϩ) rats. Similar to the mouse study, coantagonism of ETA and ETB receptors attenuated the effects by ET-1 on cystic disease progression (62) . These somewhat contradictory results have suggested that a critical balance between ETA and ETB function may be required to maintain normal kidney structure and function. However, further development in endothelin receptor blockers and also their use in orthologous models of PKD is needed to clarify whether ETA or ETB is the crucial receptor that is involved in the cystic disease process.
Tyrosine kinase receptors. In PKD, growth factors, including epidermal growth factor (EGF), are well established to interact with single transmembrane-spanning tyrosine kinase receptors, which initiate a process in which homo-or heterodimerization occurs leading to the recruitment of a number of adaptor proteins (13) . This results in the subsequent activation of downstream proliferative signaling pathways, including the canonical Raf/MEK/ERK1/2 pathway (164) . In this signaling paradigm, EGFR functions as a downstream signaling effector system, which could be transactivated by heterotrimeric G protein subunits, namely G␣q-subunits (29) . As described earlier, bradykinin and ANG II are bound to their respective GPCR to promote EGFR phosphorylation (112) , and this may be the mode of action mediated by G␣q. It remains to be determined whether the cross talk mediated by G␣q between various GPCR with the EGFR system occurs with basal membrane receptors or the receptors that are mistargeted to the apical membrane, which are known to have a procystic role in PKD (163, 165) . In the end, ligand-activated GPCR with the EGFR system likely provides additional pleiotropic signal diversity within the cell to further complicate the therapeutic development to treat PKD.
EMERGING AREAS OF HETEROTRIMERIC G PROTEIN SIGNALING
In this section, we will describe GPCR-dependent and -independent signaling pathways that have been implicated more recently in PKD (Fig. 2) . At present, the role of the heterotrimeric G proteins in these pathways has not been fully described other than in nonrenal systems, which provide potential mechanisms of action that may be relevant in the pathogenesis of PKD.
Hedgehog Signaling
Recent evidence has suggested that the Hedgehog (Hh) signaling pathway may function through the regulation of G protein signaling and control cystic disease progression (174, 175) . Multiple components of the Hh system, including Patched (Ptch), the putative receptor for Hh ligands, are localized to the cilia (114) . In the absence of Hh, ciliary Ptch is inactivated. Upon interaction with Hh ligands, Ptch exits the cilia and removes its repressive effects on Smoothened (Smo), a seven-transmembrane GPCR associated with G␣i-subunits (152) . Smo facilitates the transmission of signaling effects initiated by Hh by accumulating in the cilia. This activates a series of signaling events converting full-length glioblastoma (Gli) transcription factors, Gli2 and Gli3, from transcriptional repressors to transcriptional activators for cellular proliferation (192) .
In multiple rodent models of PKD, including a Pkd1 mutant mouse, aberrantly high expression of all three Gli subtypes has been detected (175) . Blockade of Hh signaling reduces cystic disease progression, but the noncanonical role of Smo-G␣i-signaling has not been studied. In some invertebrate and mammalian cells, the activation of Gli2/3 may (56, 122, 139 or may not (100) be dependent upon the availability of G␣i-dependent signaling. There is evidence that Smo can activate effector targets normally associated with G␣i activation, including PI3-K dependent cell migration (133) and inhibition of adenylyl cyclase to reduce cAMP levels (152) . However, blockade of Hh signaling did not affect the activity of CREB, which is a marker for cAMP production, in explanted cystic kidneys, suggesting that the inhibition of G␣i signaling may not be involved (175) . Further studies will be required to confirm whether trimeric G protein signaling is a crucial player in Hh signaling in orthologous model of PKD. These findings would suggest that Hh signaling may provide a relationship between ciliary dysfunction with cyst formation.
Wingless/Int1 and Frizzled Receptor
Frizzled (Fz) receptors, which have the structure-function relationship similar to a GPCR, are an integral component for the wingless/int1 (Wnt) signaling pathway (36) . At present, 10 different Fz receptors have been identified to bind and process the signaling of various Wnt ligands into the cell, and their general biological activity has been reviewed in greater detail elsewhere (47, 74) . In brief, Wnt signaling is generally categorized as either ␤-catenin dependent (canonical) or ␤-catenin independent (noncanonical). In canonical Wnt signaling, ␤-catenin is a major signaling effector, which accumulates and induces transcriptional activation of Wnt target genes. In the noncanonical pathway, Wnt/Fz signaling could stimulate one of two pathways, which are involved in calcium signaling or planar cell polarity pathways (36) . The role of heterotrimeric G proteins in the Wnt signaling pathways has not been well described, particularly in the context of PKD, but there is an accumulating body of evidence in nonrenal cells that both canonical and noncanonical Wnt signaling regulates the activation of multiple classes of G␣-subunits, including G␣i, G␣q, G␣s, and G␣12 (93, 120, 154) , by interacting with Fz receptors and other Wnt signaling components, disshevelled and axin (2, 94, 158) . These G protein-dependent pathways are subsequently involved in various pathways associated with proliferation, cytoskeletal changes, and cell motility (36) .
At present, there are an increasing number of studies demonstrating perturbed regulation in Wnt signaling pathways in renal cystic disease (47, 73, 74, 184) . Loss of Wnt9b has been shown to disrupt planar cell polarity to promote renal cyst formation through noncanonical signaling (73) , whereas a loss of aquaporin-1 expression accelerated cystic disease progression in a mouse model of ADPKD by promoting canonical Wnt/␤-catenin signaling (184) . However, the role of Wnt signaling to regulate cystogenesis is not universal (160) and may be attributed to the use of different genetic strains in these studies. Alternatively, there is a plethora of Wnt ligands that could interact with numerous types of Fz receptors, so the potential network of diverse intertwining signaling branches could be quite expansive. Therefore, it will be extremely challenging to unravel, particularly if one or more subtypes of heterotrimeric G protein complexes, which have yet to be identified, which are involved in the process of the various extrinsic cues.
G␣i-Subunits in Mitotic Spindle Regulation
Proper orientation of mitotic spindles is a central mechanism that enables tubular epithelial cells to maintain their complement of polarity proteins and complete a round of symmetric cell division (10) . Oriented cell division involves tight regulation of mitotic spindle alignment using protein complexes controlling either apico-basal polarity or planar cell polarity. Defective control of the mitotic spindles was believed to be a causative factor in the initiation and progression of cystic kidney disease, but the findings are not universal (42, 73, 101, 121, 131) . Moreover, the signaling pathways involved in the misalignment of the mitotic spindles are not well established, even though it was believed to be attributed to dysfunctional planar cell polarity pathway. There are, however, compelling data in MDCK cells that alterations in the localization and composition of apicobasolateral polarity protein complexes could be a critical factor in the orientation of the mitotic spindles (207) . In tubular epithelial cells, the alignment of the mitotic spindles is perpendicular to the apico-basal direction (207) . To achieve this proper alignment during mitosis, it is essential for the formation of a core tripartite complex composed of: 1) G␣ i -subunits of heterotrimeric inhibitory G proteins; 2) Leu-Gly-Asn (LGN), a cytosolic scaffold protein containing GoLoco/G protein regulatory (GPR) motifs; and 3) nuclear mitotic apparatus (NuMA), a nuclear coiled coil microtubule-binding protein. During mitosis, G␣i-subunits are localized to the basolateral cortex, and LGN captures the inactive forms of G␣i-GDP by direct protein interaction at the COOHterminal GoLoco/GPR motifs in LGN. At this point, nuclear dissolution allows for NuMA translocation to the lateral cortex by binding to the NH 2 -terminal TPR domains in LGN. Subsequently, dynein is recruited and accumulates at the cell cortex by binding to NuMA, which promotes spindle elongation.
LGN plays a central role in maintaining proper epithelial cell architecture following cell division. Loss of LGN expression or a lack of lateral cortex targeting of LGN leads to increased epithelial cells with an abnormal number of lumens that exhibit aberrant tilting of the mitotic spindles in the apico-basal direction (207) .
More recent studies demonstrate that LGN could be a pivotal switch between the apico-basal and planar cell polarity complexes to control the orientation of the mitotic spindles (9, 140) . LGN has the capability to shift its binding affinity from NuMA in the apico-basal complex to Disks large homolog 1 (Dlg1), which leads to the regulation of the mitotic spindle in the PCP direction. From these studies, it would be difficult to conclude which pathways would be disrupted during the changes in morphogenetic programming in the normal tubular epithelial cell as it transitions to a cystic phenotype.
At present, the localization of LGN in normal and PKD kidneys is thought to be exclusively in distal tubular epithelial cells (91) , but its biological role remains largely undefined in vivo. However, a close homolog of LGN, known as activator of G protein signaling 3 (AGS3), has a beneficial role in attenuating cystic disease progression (86) . Similar to LGN, AGS3 is normally distributed throughout the cytoplasm but can localize to the spindle poles in the presence of G␣i (115) . It remains to be determined whether the same complement of polarity proteins can interchangeably bind to AGS3 as they do for LGN. However, it is clear that heterotrimeric G␣i-subunits could play a pivotal role in the absence of GPCR activation to 
G␤␥-Signaling
To date, G␤␥-dimers, the native binding partner of G␣-subunits, have not been as well characterized compared with G␣-subunits as regulators of signal transduction pathways in PKD. G␤␥ has been shown to have a diverse array of functions within the cell, including the ability to regulate ion channel activity and PI3K activation (26, 155) . As described earlier and illustrated in Fig. 1B , full-length PC1 bound to G␣i/o-subunits leads to the regulation of Ca 2ϩ and K ϩ channels through a G␤␥-dependent mechanism (31, 32) . Similarly, AGS3 functions to bind G␣i-subunits and release G␤␥-dimers that increase the heteromeric PC1/PC2 ion channel activity (86) . In other studies, the availability of G␤␥-dimers mediated by AGS3 could control mitotic spindle orientation (146) . The pool of G␤␥-dimers by AGS3 could be regulated near the cilia (200) , but further studies are needed to confirm whether G␤␥ has a key role in the transformation of normal tubular into cystic epithelial cells. In vertebrate and mammalian cells, Wnt ligand activation of selective Fz, in particular Fz2 and Fz7, elicits induction of calcium transients through a G␣i-dependent mechanism. Downstream signaling is controlled by the release of G␤␥-dimers, resulting in the activation of PI3-K activity (154) , protein kinase C translocation (151), calmodulin-dependent protein-kinase II (83) , and also cdc42 activity (132) . Further studies are needed to confirm the role of Wnt/Fz and the activation of G␤␥-dependent pathways in PKD, but there is emerging evidence that cdc42 knockout in mice can produce focal cysts in the kidney (25) . As mentioned earlier, PC-1 could also induce Akt function to prevent apoptotic signaling by interacting with active forms of G␣i-subunits, which ultimately leads to an increased pool of unbound G␤␥-subunits (14) . The G␤␥ would subsequently activate the p110␤ subunit of PI-3K (85, 166) , which would result in the activation of Akt.
Although these downstream signaling pathways may seem distinct, a common theme that has arisen appears to be that the sequestration of G␣i-subunits promotes the hyperactivity of G␤␥. In this scenario, the G␣i-subunit functions more like an entity that is designed to inactivate G␤␥, rather than pursue its own functional role to regulate other effector systems, such as inhibiting adenylyl cyclase.
PERSPECTIVES AND CONCLUSIONS
Heterotrimeric G protein signaling remains an integral part of the cell signaling network during the establishment of normal tubular epithelial cell homeostasis but also in the adaptive process by the cell in response to continual extrinsic stressors. To date, the main method to control G protein activation has been predominantly through the design and development of pharmacological drugs targeted to specific GPCR, including those abnormally active in PKD. This type of control mechanism is primarily used to regulate the activity of the G␣-subunits. As described in this review, there is increased diversity by which heterotrimeric G protein signaling can occur within the cell, especially with the accumulating evidence of nonconventional mechanisms to control G␣-subunit function. Moreover, changes in G␤␥ function within the cell could have a fundamentally important role in the control of tubular epithelial cell biology by either complementing G␣-directed signaling or, in some cases, being the major driving force depending upon the specific G␣-subunit to regulate downstream signaling cascades.
It has been nearly two decades since the initial observation that PC-1 could bind to heterotrimeric G proteins (129) , and nearly two-thirds of all humans diagnosed with ADPKD have mutations in the PKD1 gene. At present, there are Ͼ60 clinically identified variants in the germline and somatic cells within the G protein-binding domain (amino acids 4110 -4183) (http://pkdb.mayo.edu/). There is yet a paucity of information regarding the importance of how mutant forms of PC-1 can dysregulate tubular epithelial cell biology. Moreover, the role of heterotrimeric G protein binding and function in PKD has not yet been fully resolved and likely requires additional areas of investigation. First, remove the G protein-binding domain in PC-1 to assess whether this region is an essential part of the pathogenic process to either initiate or exacerbate tubular epithelial cell transformation into cystic cells. Second, determine the G␣-subtype and its preferred state of activity (i.e., GTP-or GDP-bound) for efficient binding to PC-1. Third, define whether the G␣ or G␤␥ is the primary signaling effector following interaction with PC-1 and whether there is a positive or negative influence on signaling output depending upon the activation of each individual G protein subunit. Fourth, determine whether subcellular targeting of the COOH-terminal fragment of PC-1 to the nucleus can be influenced by G protein binding, which could modify transcriptional profiling. Last, identify the composition of the G␣␤␥-complex within the cystic epithelial cell to determine whether selective interactions occur to drive signal processing toward cyst progression.
In all, heterotrimeric G proteins are clearly an important part of the cellular repertoire to control signal transduction within the tubular epithelial cell. However, the regulation by which heterotrimeric G proteins are controlled continues to expand far beyond the membrane-associated GPCRs. In fact, heterotrimeric G proteins may function, albeit through unconventional modes of action, by altering its normal subcellular location (i.e., the plasma membrane) to other sites, such as the mitotic spindle organizing center, through novel interactions with cytoplasmic proteins. As the data continue to accumulate regarding the role of G proteins in PKD, the design and development of selective G␣ and/or G␤␥ modulators will enable researchers to determine whether specific G protein subunits can be therapeutically targeted to attenuate the procystic signaling pathways in vascular and tubular epithelial cells in the kidney. 
